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Abstract 
Fresh water scarcity ranks among the most urgent environmental challenges in this century, its quality increasingly being threatened 
by man, necessitating continuous monitoring of this valued resource. The present study focuses on the development of a 
methodology for surface water quality assessment incorporating uncertainty in the data, by defining fuzzy sets and an objective 
assignment of weightages to water quality parameters by Entropy theory. Fuzzy comprehensive evaluation was used to generate 
membership functions and in turn fuzzy relationship matrix was developed. The weight of each associated parameter was computed 
using Entropy concept which was combined with the so developed fuzzy relationship matrix to define assessment coefficient which 
led to overall water quality and station-wise quality assessment. The newly developed Fuzzy-Entropy (FE) model is compared with 
the traditional method of Fuzzy Logic system (FLS) model. The developed FE and FLS models were applied to Keno Reach of 
Klamath River, Central Oregon, USA.   
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1.  Introduction  
     Fresh water scarcity ranks among the most urgent environmental challenges in this century which enhances the 
necessity for continuous monitoring of water quality. Most of the surface water bodies have deteriorated over the years 
due to rapid urbanization and industrialization and hence water quality assessment is of utmost important. 
 
 
*  Meera .G. Mohan,  E-mail address: meeragmohan90@gmail.com 
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICETEST – 2015
78   Meera G. Mohan and P.G. Jairaj /  Procedia Technology  24 ( 2016 )  77 – 84 
Water quality assessment of a water body is generally characterized by different types of uncertainties such as lack of 
clear boundary distinctions of parameters, various water quality standards used and so on. 
   Non-statistical approaches such as the fuzzy comprehensive evaluation methods address the uncertainties using the 
fuzzy set theory. Water quality assessment using fuzzy comprehensive evaluation by developing various types of 
fuzzy membership functions were carried out by Jihong Zhou et al (2012), Geng Yani et al (2011), Zhiguang Zhu et 
al (2009), Pan Zheng-Wei et al (2009) in their studies. The major drawback of this method is that subjective weightage 
is given based on expert’s opinion/judgement to all the parameters. In the conventional Fuzzy Logic System (FLS) 
model, the uncertainty is incorporated using membership functions, but the limitation of this method in regard with 
fuzzy comprehensive evaluation is that weights cannot be allotted to the parameters to highlight their importance. 
Twinkle Tayal and Prema (2013) presented FLS model to access the drinking water quality. 
 
In the present study, a new modelling procedure has been evolved to incorporate the imprecision associated 
with the observed data using fuzzy comprehensive evaluation combined with an objective weight determining 
approach. The weight of parameters associated with water quality assessment was computed using entropy concept. 
The newly developed Combined Fuzzy-Entropy (FE) model is also compared with the traditional FLS model. The 
models so developed are applied at the Keno Reach of Klamath River, Central Oregon, USA for surface water quality 
assessment. The methodology, analysis, results, discussions and the conclusions derived from the study are given in 
the subsequent sections. 
 
 
2.    Methodology 
The modelling strategy involves in the development of a Fuzzy-Entropy model which consists of three phases: Phase-
1: Fuzzy comprehensive evaluation, Phase-2: Entropy weighing method and Phase-3: Evaluation of assessment 
coefficient using Fuzzy- Entropy combination (combination of Phase-1 and Phase-2). Phase-1: Fuzzy 
comprehensive evaluation approach is used for developing membership functions for selected water quality 
parameters in order to incorporate the uncertainty by converting crisp input data to fuzzy inputs. The key to this 
method is to determine the weight set. The weight can be determined by subjective method and objective method. 
Phase-2: Entropy weighing method is an objective approach in which the weight values of individual indicators are 
determined by calculating the entropy and thereby the entropy weight. The evaluation of assessment coefficients using 
Fuzzy- Entropy combination was made use of in the assessment of overall water quality assessment and station wise 
quality assessment for a river system. The sequential steps involved in the development of Combined Fuzzy-Entropy 
model is described below: 
Step-1: Selection of assessment parameters 
An evaluation factor set U was determined based on the data of monitored water quality parameters         
U = {ui} , i=1, 2….m                  (1) 
where m is the number of parameters, ui is the ith water quality parameter. 
Typically U can be the set of water quality parameters namely Temperature, DO, BOD, pH, conductivity and so on. 
Step-2: Establishment of assessment criteria 
An evaluation criteria set V was built based on the selected water quality criterion  
  V = {vj} , j=1, 2….n                  (2) 
where, n is the number of evaluation criteria categories,  
vj is the jth evaluation criteria category 
Typically V can be the set of assessment criteria namely Poor, Good, Worst, Acceptable and so on. 
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Step-3: Establishing membership functions (Fuzzification) 
Considering the uncertainties in the raw water quality parameter data and the water quality criteria used, the sets U 
and V were converted to fuzzy matrices such that the value of each entry lies within the closed interval [0,1] by 
developing membership functions for each selected parameter according to their ranges. A trapezoidal membership 
function was derived in this study. 
Step-4: Developing Fuzzy Relation matrix, R 
The fuzzy relationship matrix, R gives the relation between elements of one universe with elements of other universe. 
Fuzzy relationship was developed between the assessment parameter set, U and the assessment criteria set, V. This 
will lead to development of relationship matrices for overall river water quality assessment and station-wise quality 
assessment. 
Step-5: Entropy weighing method 
An object empowerment approach in which the weight values of individual indicator was determined by calculating 
the entropy and entropy weight. Based on the principle of information theory, entropy is a measure of lack of 
information regarding a system. If the information entropy of the indicator is small, larger will be the amount of 
information provided by the indicator and higher the weight will be, there by playing a more important role in the 
comprehensive evaluation. The main steps of the entropy weight method include (i) Formation of the evaluation 
matrix; (ii)Normalization of the evaluation matrix; (iii) Calculation of the entropy and the entropy weight. 
 
Assume there are m parameters to be evaluated, n evaluation criteria categories, evaluation matrix is X = (xij) mxn, 
where xij represents the actual value of j-th criteria for ith parameter. The calculation of Entropy weight is as follows: 
1. Normalize the evaluation matrix, X to obtain R = (rij) mxn where rij is the jth evaluating object for ith indicator and 
rij ϵ [0, 1]. This will in turn generate positive/negative indicators for the variables. 
 
Positive indicators – Bigger the value the better (Eg:  DO) 
 
         (3) 
 
 
Negative indicators – Smaller the value the better (Eg: Temperature, Specific conductance) 
           
         (4) 
 
 
2. Calculate entropy value ‘H’. The j-th index value of information entropy was computed as 
                     (5) 
 
here,                     (6) 
 
where, K is a positive constant, relevant to number of sampling stations, s of the system. When the samples is 
completely in disordered state, K = 1/ log (s).                 (7) 
3. Calculate the j-th index weight as,        
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Step-6: Calculation of assessment coefficient, B 
Assessment coefficient, B was computed using Equation (9) 
B = W x R                  (9) 
Where, 
R – Fuzzy relation matrix explained in Step 4 
W-Weightage of each parameters of water quality derived by following Step 5 above. 
 
The traditional modelling procedure is used for developing the Fuzzy Logic system (FLS) model. 
 
 
3. Analysis of Problem 
 
The study area pertains to the Keno Reach of Klamath River at Central Oregon in USA. It lies at a latitude of 42o 7’ 
59.44” N and a longitude of 121o 57’ 43.22” W. At Keno Reach of Klamath River four water quality parameters 
Temperature, Dissolved Oxygen, pH and Specific conductance at 8 sampling stations of this river from 5th March 
2013 to 5th March 2014 were considered for analysis. Dataset used for the study are available in 
(http://or.water.usgs.gov/proj/keno_reach/monitors.html) USGS site. In earlier modelling studies in literatures it is 
seen that drinking water quality criteria is the emphasis while in the present study the quality criteria for aquatic life 
is the major concern. 
 
3.1. Fuzzy-Entropy (FE) model 
The Fuzzy-Entropy model was applied to the chosen study area and the analysis carried out for the three phases of the 
model are explained in detail below: 
Phase-1: Fuzzy Comprehensive Evaluation 
Fuzzy system for water quality evaluation was designed using Fuzzy Logic Toolbox Matlab R2013a. There are 4 
inputs in this system namely Temperature, DO, pH and Specific conductance and one output the indicator of water 
quality. The assessment parameter set was found to be U= {Temperature, DO, pH, Specific Conductance}. Each input 
{Temperature, DO, pH, Specific Conductance}. Each input and output water quality was described by using the 
different membership functions such as bad, good and worst according to their ranges. The output of assessing the 
quality of water decides whether the water quality is bad, good or worst. These functions represent a degree of 
fuzziness, 1 being the highest and 0 being the lowest.  
               Table 1. MF and Range of Values for Parameters 
Parameters Membership functions 
 Temp 
(oC) 
Poor 
(0 to 4) 
Good 
(4 to 18) 
Worst 
(18 to 27.8) 
DO 
(mg/l) 
Poor 
(0 to 4) 
Good 
(4 to 10) 
Worst 
(10 to 23.9) 
pH 
Poor 
(8.2 to 9.0) 
Good 
(7.0 to 8.2) 
Worst 
(9.0 to 10.5) 
Sp. Cond. 
(μS/cm) 
Poor 
(110 to 150) 
Good 
(150 to 500) 
Worst 
(500 to 1220) 
 
All the inputs and output are described by using trapezoidal membership function. The range of values for the 
definition of the input membership functions are set with the help of standards such as IMST Technical report (2004) 
“Oregon’s water temperature standard and its Application: Causes, Consequences, Controversies associated with 
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stream temperature” and Oregon Water Quality standards. The assessment criteria set was found to be V= {Poor, 
Good, Worst} for the input parameter with their respective values of each parameter. The output water quality range 
of value was set as Worst (0 to 0.4), Poor (0.4 to 0.7) and Good (0.7 to 1.0) respectively. The range of values chosen 
for the development of input membership functions (MF) is shown in Table 1 and the derived membership formulae 
for a typical case of Temperature is shown in Table 2. Similarly, membership formulae were derived for other 
parameters namely DO pH and Specific conductance. 
 
         Table 2. Derived Membership Functions for Temperature 
  
Phase-2: Entropy weighing method 
Here the mode values of monitored parameter data for individual station was taken as the representative value for 
developing evaluation matrix, X. The evaluation matrix was normalized using Equation (3) and Equation (4) 
depending on whether the parameter is a positive indicator or negative indicator to obtain normalized evaluation 
matrix, R as in Table 4.  
           Table 3. Evaluation Matrix, X 
Stations Temp (oC) DO (mg/l) pH Sp.cond (μS/cm) 
1 3.9 10.0 7.8 126 
2 4.0 10.9 7.8 128 
3 3.0 10.2 7.7 124 
4 3.1 0 7.7 127 
5 3.3 9.9 7.5 156 
6 3.3 0 7.7 151 
7 2.5 2.3 7.9 588 
8 2.0 0 8.4 124 
Min 2.0 0 7.5 124 
Max 4.0 10.9 8.4 588 
                                      Table 4. Normalized Evaluation Matrix, R 
Stations Temp (oC) DO (mg/l) pH Sp.cond. (μS/cm) 
1 0.05 0.917 0.667 0.996 
2 0 1.0 0.667 0.991 
3 0.5 0.936 0.778 1.0 
4 0.45 0 0.778 0.993 
5 0.35 0.908 1.0 0.931 
6 0.35 0 0.778 0.942 
7 0.75 0.211 0.556 0 
8 1.0 0 0 1.0 
Σrij 3.45 3.972 5.224 6.853 
 Poor Good Worst 
Temperature 
(oC) 
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Considering Station-1, Temperature mode, xij = 3.9, }max{ ijx and }min{ ijx of Temperature among all stations was 
obtained as 4.0 and 2.0 respectively in Table3. As temperature increases the water quality decreases, it is a negative 
indicator so applying Equation (4); rij = 0.05 as shown in Table 4. The same was done for all the stations and Σrij for 
Temperature was found to be 3.45 as shown in Table 4. Applying Equation (6); fij = 0.014 as shown in Table 5. 
 
                                     Table 5. The Values of fij for Each Station 
Stations Temp (oC) DO (mg/l) pH Sp.cond (μS/cm) 
1 0.014 0.231 0.128 0.145 
2 0 0.252 0.128 0.145 
3 0.145 0.236 0.149 0.146 
4 0.13 0 0.149 0.145 
5 0.101 0.229 0.191 0.136 
6 0.101 0 0.149 0.137 
7 0.217 0.053 0.106 0 
8 0.29 0 0 0.146 
Σfijlnfij -1.759 -1.52 -1.931 -1.946 
The entropies and weights of the parameters were found to be as shown in Table 6. Considering Temperature, Σfijlnfij 
= -1.759 from Table 5 and applying Equation (7), K = 0.481. Substituting the values of K and Σfijlnfij in Equation (6); 
Entropy, Hj = 0.846 and the corresponding weight for Temperature was calculated using Equation (8) as wj = 0.276. 
Similarly, weights for all the other parameters are shown in Table 6. 
                                                Table 6. Entropy & Weights of Selected Parameters 
Parameters Entropy Weight 
Temperature (oC) 0.846 0.276 
DO(mg/l) 0.731 0.482 
pH 0.929 0.127 
Sp. cond. (μS/cm) 0.936 0.115 
 
Phase-3: Combined Fuzzy-Entropy method 
Fuzzy Comprehensive Evaluation - 
As discussed in Section 3.1 (Phase-1), the membership functions were formulated thereby the Fuzzy Relation matrix, 
R was developed between the assessment parameter set, U and the assessment criteria set, V for two cases (i) Overall 
river water quality assessment (ii) Station-wise quality assessment 
For overall river water quality assessment: 
Average of mode values of each monitored parameter data pertaining to individual stations were as follows; 
Temp = 3.14 oC, DO = 5.41 mg/L, pH = 7.81, Sp. Cond = 190.5 μS/cm 
The above values were substituted in membership formulae to obtain the Fuzzy Relation matrix, R as given below. 
                                               Poor          Good         Worst 
 
 R =                  (10) 
 
    
Temp       0.86          0.14             0 
DO            0                1                0 
pH             0                1                0 
Sp. Cond.  0                1                0 
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For example: Considering Temperature = 3.14 oC, substituting this value in Poor range for which 3.14 oC lies between 
3 oC and 4 oC, the membership value turns out to 0.86 for Poor range. Substituting the same value for Good range for 
which 3.14 oC lies between 3 oC and 4 oC, the membership value comes to 0.14 for Good range. Similarly, substituting 
the same value for Worst range for which 3.14 oC is less than 18 oC, the membership value turns out to be zero for 
Worst range. 
The assessment coefficient, B was calculated using Equation (9). Weights for each parameter for entire river system 
as obtained from Table 6 were used to compute overall river water quality. 
  B  = [0.247          0.753           0]                                                                                                              (11) 
The assessment coefficient, B was highly loaded on Good therefore the overall river system has good quality. 
Station-wise quality assessment: 
The mode values of monitored parameter data for individual stations were taken as the representative value for station-
wise quality assessment as shown in Table3. Fuzzy relation matrix, R was developed for each parameter by the same 
procedure mentioned in overall river water quality assessment and the assessment coefficient, B was calculated using 
Equation (9) in which weights were taken from Table 6.  
 
3.2. Fuzzy Logic system (FLS) model 
The FLS model was developed in Matlab R2013a using Fuzzy Logic Toolbox. It has mainly three editors – Fuzzy 
Inference system (FIS) editor, Membership function editor and Rule editor. The Phase-1: Fuzzy comprehensive 
evaluation procedure discussed in Section 3.1 covers the FIS editor and membership function editor. The Rule editor 
is used to formulate IF-THEN rules to connect the input membership functions with output membership functions. 81 
fuzzy rules were generated in this case study. A defuzzification process, Centroid method was used to convert fuzzy 
output into a crisp output value. The Rule viewer facilitates a user friendly screen in which for various input parameter 
value combinations the corresponding water quality output can be obtained. 
 
 
4. Results and Discussions 
 
The Fuzzy-Entropy model for surface water quality assessment was developed by combining two concepts namely, 
fuzzy comprehensive evaluation to take care of the uncertainties involved and entropy weighing method to assign 
weights to the associated parameters of water quality. This modelling procedure led to overall river water quality 
assessment and station-wise quality assessment. 
The weights were determined for the four input parameters Temperature, DO, pH, Specific Conductance as 0.276, 
0.482, 0.127, and 0.115 respectively using Entropy weighing method as shown in Table 6.  
Evaluation of Assessment Coefficient Using Fuzzy- Entropy Combination – 
Assessment coefficient was computed with the help of Fuzzy relation matrix and weights determined using Entropy 
weighing method for the evaluation of the selected field study area having 8 sampling stations in two aspects as 
mentioned below: 
Overall river water quality assessment 
It was done with assessment coefficient evaluation which was computed using Fuzzy relation matrix and weights 
determined using Entropy weighing method as shown in Equation (10) and Table 6. Average of mode values of 
individual stations for each monitored parameter data was considered to find a representative value for the entire river 
system. The entire river system was found to be of good water quality as in Equation (11).  
Station-wise quality assessment 
Fuzzy relation matrix, R was developed for each station individually and the assessment coefficient, B was computed 
in which the weights were taken from Table 6. Evaluation of the assessment coefficient concluded that Stations- 
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1,2,3,5 have good water quality and Stations-4, 6, 7, 8 have poor water quality as shown in Table 7. 
           Table 7. Station-Wise Water Quality Assessment Using Fuzzy-Entropy  
Stations Assessment coefficient, B Water quality 
1 [ 0.1426       0.8574           0 ] Good 
2 [ 0.115         0.4512      0.4338 ] Good 
3 [ 0.391         0.5126      0.0964 ] Good 
4 [ 0.7972       0.2028           0] Poor 
5 [ 0.1932       0.8068           0 ] Good 
6 [ 0.5306       0.4694           0 ] Poor 
7 [ 0.758         0.127         0.115 ] Poor 
8 [ 0.9746       0.0254           0] Poor 
 
In comparison of FE model with the traditional FLS model, the usage of entropy weighing method empowers fuzzy 
comprehensive evaluation technique and allows water quality assessment of several sampling stations just by 
calculating the weights once which greatly reduces the work load of evaluation. The major limitation of FLS model 
is that weightages cannot be allotted to parameters to highlight their importance even though there is a provision to 
allocate weights for the fuzzy rules formulated.  
 
5. Conclusions 
 
The major emphasis of the study is that a new strategy was evolved for assigning weights to parameters associated 
with water quality assessment using Entropy weighing method. Fuzzy relation matrix was developed and evaluation 
of assessment coefficient was carried out to say how water quality pertains to the selected river system by 
demonstrating it with respect to overall river water quality assessment and station-wise quality assessment. The Fuzzy-
Entropy modelling technique defines both overall quality and station-wise quality of a water body system using the 
same set of weightages computed using entropy weighing method reducing the computational effort. This proposed 
method combines subjectivity and objectivity together hence providing both qualitative and quantitative surface water 
quality analysis. The FE model is a quickest way to estimate water quality just like FLS model, but its added advantage 
is that parameter importance is incorporated into the FE modelling along with uncertainty. 
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